Most ceramic-carbon nanotube (CNT) composite processing utilizes solid state sintering, hence the concept of wetting of CNTs by molten ceramic is absolutely new. In the present work on a plasma sprayed Al 2 O 3 -CNT nanocomposite, it is observed that molten Al 2 O 3 spreads uniformly on the CNT surface by forming a thin (∼20-25 nm) ceramic layer without any cracks. The wettability of the Al 2 O 3 -CNT system is associated with the surface tension and capillary forces as captured from the evolution of microstructure. The dynamic equilibrium between melting and solidification of Al 2 O 3 was deduced from the meniscus height, curvature, contact perimeter and projection area of solidified Al 2 O 3 on the CNT surface. This interfacial phenomenon illuminates the mechanisms of microstructure evolution from Al 2 O 3 -coated CNT bridge structures to CNT mesh formation. Consequent ab initio modeling depicted distorted iso-surface contours at the interface, suggesting partial bonding and good wettability of Al 2 O 3 on the CNT surface.
Introduction
Ceramic-CNT systems have been studied to obtain novel nanocomposites with improved fracture toughness [1] [2] [3] and electrical conductivity [4] . The toughening behavior of the CNT-reinforced matrix is mainly linked to CNT crack bridging, CNT dispersion and crack deflection. The role of the interface in toughening the nanocomposite via stress transfer between in situ grown CNTs in an Al 2 O 3 matrix has been emphasized [5, 6] . The wetting behavior between the ceramic and the CNTs could lead to the generation of new interface(s) that may alter the load transfer and toughening mechanism [3, 4, [7] [8] [9] [10] . However, wettability studies on ceramic-CNT composites are non-existent in the literature owing to the limitations of solid state processing (namely hot pressing, sintering, and spark plasma sintering) utilized for these studies [7, [11] [12] [13] [14] [15] . In this work, the wetting behavior between aluminum oxide and multi-walled CNTs has been studied in plasma sprayed nanocomposite. Understanding of such a concept can extend the potential application of oxide-coated CNTs for use as sensors, strong field emitters, electrically insulated CNTs in nanocircuits and highly tough ceramic nanocomposites [1, 3, 8, 15] . It is extremely difficult to undertake liquid droplet angle studies in a ceramic-CNT system because of the very high melting points (e.g. 2333 K for Al 2 O 3 , and 3773 K for CNTs) [3, 8] . Since the surface is the sole contact with the surrounding environment, fundamental concepts of capillarity and surface tension are the only direct measures in defining wettability [16] . Thereby, a theoretical model is constructed in correlating the wettability to the evolved microstructure of plasma sprayed Al 2 O 3 -CNT nanocomposite. The aim of this research is to understand the underlying wettability via revealed microstructure and ab initio molecular simulation of the Al 2 O 3 -CNT interface. to as A4C-SD powder feedstock), figure 1, which are ideal for plasma spraying. The CNTs are uniformly dispersed, as seen in the inset of figure 1, in the powder agglomerate (at both the surface and core) [1] . Subsequently, A4C-SD powder was plasma sprayed on AISI 1020 steel substrate with plasma parameters described in our earlier publication [1] . An AccuraSpray TM (Tecnar Automation Ltée, QC, Canada) sensor was used to measure the temperature and velocity of the inflight particles during plasma spraying. Consequently, the dwell time and cooling rates are calculated from the time-offlight and temperature of the in-flight particles. Microstructural characterization of plasma sprayed A4C-SD coating was performed using field emission scanning electron microscopy (FESEM, JEOL JSM 6330F). SEM images were used for measuring the meniscus height, curvature, contact perimeter and projection area of solidified Al 2 O 3 and subsequently calculating the surface forces acting on the Al 2 O 3 -CNT system. The SIESTA 1.3 (Spanish initiative for electronic simulations with thousands of atoms) simulation package was used for molecular modeling of Al 2 O 3 -CNT interfacial analysis. 
Ab initio molecular modeling of the

Results and discussion
Background of CNT toughening in plasma sprayed Al 2 O 3 -CNT nanocomposite
Composite spray drying of Al 2 O 3 -4 wt% CNT (A4C-SD) resulted in uniform dispersion of CNTs in the plasma sprayed nanocomposite coating [1] . The role of CNT dispersion in enhancing the fracture toughness is described in our earlier work [1] , depicting an increase of fracture toughness up to 43% (to 4.60 ± 0.27 MPa m 1/2 in A4C-SD coating) when compared to that of plasma sprayed Al 2 O 3 without CNT reinforcement (3.22 ± 0.22 MPa m 1/2 ). Enhancement of the fracture toughness was attributed to CNT chain-anchoring, CNT bridge formation, CNT meshing, and crack deflection [1] , which largely depend on the improved wetting of the CNTs by Al 2 O 3 [1] . Hence elucidation of the CNT wetting characteristics in strengthening the Al 2 O 3 -CNT ceramics holds the key to enunciating the enhanced fracture toughening of the nanocomposite. Figure 2 shows a CNT bridge that forms an anchor between two plasma sprayed splats. Since the diameter of the asreceived CNTs was 40-70 nm, thickening of the diameter to ∼120 nm indicates the formation of an Al 2 O 3 layer (∼20-25 nm thick) on the CNT surface. The neck formation at two splats and uniform thickness indicate excellent Al 2 O 3 wetting on the CNT surface. No cracking is observed in the thin (∼20-25 nm) layer of Al 2 O 3 coating on the CNT surface. It can be inferred that the nanolayer of Al 2 O 3 exhibits ductility at a small length scale. This reinforcement by individually coated CNTs (by tough Al 2 O 3 layer) thereby scales to enhanced toughening of the ceramic nanocomposite because of enhanced CNT wetting to provide anchoring sites [19] .
Wettability and modeling of Al 2 O 3 on the CNT surface
A system of Al 2 O 3 wetting on the CNT surface is defined through figure 3 . In considering the theoretical modeling, it is assumed that molten Al 2 O 3 spreads onto the CNT surface by capillary action, where it freezes instantaneously due to the rapid cooling rates (∼4.6 × 10 6 K s −1 ) associated with the plasma spraying [1] . The spreading of molten Al 2 O 3 and its dynamic freezing depend on the surface tension. The resulting microstructure (figure 2) is taken as the representative model for surface forces towards defining wettability. Since constant equilibrium contact angles are not experimentally observed owing to changing 'true' contact angles, it is a valid assumption that dynamic freezing is a representative model [20] . Direct surface forces acting on the molten Al 2 O 3 surface can be defined by surface tension and capillarity to describe the evolution of microstructural features. The capillary force f c is defined as follows [21] :
where γ is the surface energy (taken as ∼1.59 J m −2 for the stable Al-terminated Al 2 O 3 surface), is the surface projection area and h m is the meniscus height as shown in figure 3. Higher meniscus infers reduced capillarity, but increased surface tension leads to enhanced wetting of CNTs by Al 2 O 3 . The surface tension force T S is defined as follows [22] :
where l is the perimeter contact, and γ cos α is the vertical component of the surface tension (figure 3). Surface tension is caused by the difference in the magnitude of surface forces where a difference in the forces of adhesion and cohesion results in wetting/dewetting of liquid droplets onto the substrate. Owing to the rapid kinetics involved in the plasma spraying (the particle residence time in plasma is ∼4.1 × 10 −4 s), it becomes extremely difficult to track and time resolve the sequential progress of CNT wetting by Al 2 O 3 . Moreover, non-uniform heat is experienced by the powder agglomerates due to the Gaussian distribution of the plume intensity. Variation in the heat experienced and trajectory adopted by powder particles would also lead to variation in the wetting characteristics and microstructural evolution. Hence, it can be safely concluded that all the stages of wetting can be captured from the microstructural images of the plasma sprayed Al 2 O 3 -CNT nanocomposite. Therefore, based on the microstructural snapshots and surface forces experienced by the in-flight powder particles, a sequential wetting mechanism is proposed for the Al 2 O 3 -CNT system; see figure 4. Though the detailed explanation follows, the epitome of the wetting starts with flowing of Al 2 O 3 particles (attached to the CNT surface) upon its heating and melting during plasma spraying. Consequently, molten Al 2 O 3 coats the CNT surface and brings other coated CNTs closer because of surface tension. The interplay of capillarity and surface tension results in the evolution of differential microstructure (figure 5). Theoretical calculations performed on the system are presented in table 1. The CNT diameter is assumed to be 70 nm and the approximate angle of contact is calculated from the SEM micrograph (figure 2). Meniscus height, perimeter contact and surface projection area are the dominating factors which define the capillary force and surface tension occurring at the Al 2 O 3 -coated CNT interface. Several values of meniscus height are assumed to theoretically calculate the perimeter contact and the surface projection area. It must be mentioned that when the meniscus height is 35 nm (for a 70 nm diameter CNT), there is no surface to support the top meniscus vertically. Hence, when α = 0, the increase of θ 1 reduces the capillary force. The presence of a similar horizontal force (defined by θ 2 , with reduced vertical force) in such a situation delivers the minimum value of capillary force as we approach ∼35 nm (figure 5). Though the capillary forces appear much smaller, capillarity is also assisted by processes like gravity, impact spreading during deposition, and the presence of surface roughness [16] . Figure 5 describes various possible interactions in assimilating interfacial capillarity and surface tension with respect to meniscus height of Al 2 O 3 over CNTs in differential microstructures. The meniscus height will vary depending on the time and temperature experienced by the powder agglomerates during plasma spraying. As the meniscus height increases, the surface tension of molten Al 2 O 3 is sufficient to counter the capillary force [23] . Similarly, a low meniscus height suggests ease of holding down molten Al 2 O 3 rather than allowing it to rise as a coating over the CNT. It must be clarified that seeping down of Al 2 O 3 can occur even at a later stage when the mass of molten Al 2 O 3 dragged over the CNT cannot be supported by the surface tension. The process is divided into three stages to elicit evolution of the microstructure arising from the wetting of CNTs by Al 2 O 3 . Owing to the increased volume of surrounding liquid (molten Al 2 O 3 ), the capillarity reduces the surface tension by its seeping out molten Al 2 O 3 and leaving the CNT structure as a mesh; see figure 7 (stage 3). Oozing of molten Al 2 O 3 from the CNT surface is assisted by factors such as impact flow, CNT capillarity, surface roughness, and gravity forces. The network of CNT mesh serves as an intertwined structured fabric in enhancing the fracture toughness by bearing stress and providing two-directional sledging. This mesh has a very thin layer (a few nanometers) of molten Al 2 O 3 , which in a true sense is a reinforcement by flow of Al 2 O 3 ceramic onto the intricate surface of the CNT. Thickening and smoothening of CNTs is visible in figure 7 . Hence, excellent wettability of Al 2 O 3 on CNT surfaces is observed via formation of Al 2 O 3 -coated CNTs and CNT mesh formation (figures 2 and 7). It is re-emphasized that no cracking was observed in the nanolayer of Al 2 O 3 coated on CNTs. Rapid solidification kinetics, inherent to plasma spraying, might be reasoned to attribute the enhanced wettability observed in the current work. The nucleation frequency (I υ ) of Al 2 O 3 on the CNT surface at a temperature (T ) can be expressed as follows [24] :
where K v is the kinetic parameter, θ is the wetting angle, G * is the excess free energy of the critical nucleus, and k is the Boltzmann constant. The enhanced excess free energy for nucleation is balanced by the reduction in the wetting factor f (θ ) because of the rapid solidification kinetics in plasma spraying. The enhanced wettability (of Al 2 O 3 on CNT surfaces) by the reduction of the wetting angle is reinforced by the reduction in the wetting factor [25] (given by the expression { f (θ ) = (2 + cos θ)(1 − cos θ) 2 /4}). Heterogeneous nucleation allows further wetting of the CNT surface by rapid solidification of Al 2 O 3 by reducing the excess energy barrier of nucleation [16, 25] . range, making a strong possibility of a stable system [26] . Ooi's molecular modeling of Al-graphite depicted no bonding at the interface [26] . In addition to the absence of oxygen in the system, representation of a specific cross-sectional plane of the Al-C interface showed that overall bonding at the interface was absent [26] .
Thermodynamics and molecular modeling of the
Enhanced wetting raises a question of interface reaction between Al 2 O 3 and C, with the possible reaction presented in (4).
The very low activity of Al 4 C 3 (∼6.8889 × 10 −19 at 2200 K, near the melting point of Al 2 O 3 ) was obtained from FactSage thermochemistry software [27] . Moreover CO (during partial reduction) and CO 2 product gases will tend to destabilize the interface. The free energy of formation of Al 4 C 3 is 700.2 kJ and 558.4 kJ at 2200 K and 2500 K respectively [27] . Consequently, there are no stable reaction products of the Al 2 O 3 reaction with C, (4), with the activities of Al 2 O 3 and C (graphitic) remaining unity. Moreover, the absence of prism planes in CNTs further restricts the bonding of carbon with aluminum and oxygen. X-ray diffraction did not reveal the formation of any new reaction product [1] .
The Al 2 O 3 -graphite system utilized for modeling the interface is presented in figure 8 . An Al-terminated α-Al 2 O 3 crystal is utilized in modeling such an interface owing to the stability of the α-Al 2 O 3 crystal. The iso-surface contours from ab initio computational modeling for an unaffected graphite (0001) layer are presented in figure 8(a) . This shows the periodic and regular energy contours between the carbon atoms. As the interface approaches, the interference from the aluminum oxide surface on the graphite layer is depicted by the distortion of the periodic energy contours, figure 8(b) . The influence from the surface atoms of the aluminum oxide crystal depicts pseudo-bonding between aluminum and carbon along the interface. The O-terminated aluminum oxide surface might further destabilize the interface by the formation of CO or CO 2 . The thermodynamics of the reaction as presented in equation (4) clearly obviates the necessity of considering this product.
The Al-terminated aluminum oxide crystal shows three aluminum atoms at the interface, figure 8(c), which further confirms the contribution of aluminum atoms in the distortion of iso-surface energy contours (shown in figure 8(d) ). Pseudobonding over the aluminum atoms (in the Al 2 O 3 crystal) implies strong bonding with carbon. Since high polarity indicates strong metallic bonding in aluminum [26] , distorted iso-surface contours confirm the pseudo-metallic bond at the Al 2 O 3 -CNT interface. On the Al-terminated surface, the weak binding energy with silver (∼0.5 eV) and low activation barrier (∼0.25 eV) might allow rapid diffusion and bonding on this surface [28] . Hence, the Al-terminated Al 2 O 3 crystal presents stability (when compared to that of an O-terminated Al 2 O 3 crystal), and has been utilized in the current modeling work. Direct evidence from the molecular modeling result clearly shows the possibility of enhanced interfacial bonding between Al and C. This makes sense because a crystal with high surface energy will try to adhere to a new surface in order to minimize its overall energy [29] .
Some experimental data already demonstrates the stability of the Al-C interface (energy ∼0.02-0.4 J m −2 ) in comparison to self-existing aluminum oxide or graphite crystals [26] . It is quite viable that partial bonding at the interface interconnects the CNTs and encourages strong wettability. Moreover, the unconnected region acts as an energy sink during impact to further enhance the interfacial strength. Though these molecular simulations consider the Al 2 O 3 -graphite interface, this model closely mimics the surface properties of the Al 2 O 3 -CNT interface. This combination of interfacial linking bridges the gap that had existed in describing the wetting of the CNTs with aluminum oxide.
Conclusions
The interface wettability of the Al 2 O 3 -CNT system was explained in terms of surface tension and capillarity. This complex interfacial phenomenon was theoretically modeled in terms of extracting the surface forces. The evolution of microstructures such as the Al 2 O 3 -coated CNT bridge structure and CNT meshing was attributed to the interplay of surface tension and capillarity dominated stages respectively. Mixed mode elicited entrapment of CNTs in the Al 2 O 3 matrix to generate trimodal microstructure. The improved wetting characteristic has resulted in a microstructure that assists the toughening mechanisms. Computational modeling of the interface depicted partial bonding of Al-terminated Al 2 O 3 with carbon at the interfacial region, suggesting improved wetting and stability of the system.
